Effects of carbon content and solidification rate on thermal conductivity of grey cast iron C omponents subjected to heat require satisfying thermal conductivity in order to reduce the thermally induced stresses within the component. Therefore, for example cast iron brake discs with considerably improved resistance to thermal fatigue have been developed by improving the thermal conductivity of the material [1] . The thermal transport properties of various grades of cast iron have recently been reviewed [2] . Some works discussed the effects of altered carbon content and/ or carbon equivalent on the thermal transport properties of cast iron [3] [4] [5] [6] [7] . It is widely accepted, that graphitic carbon has beneficial effects on the thermal conductivity of cast iron, which can be explained by the pronounced thermal conductivity of graphite. Further, the thermal conductivity along the basal planes of the graphite crystal is significantly higher than along the prism planes [1] . This is favourable for the thermal transport properties of grey iron, where the a-axis of the hexagonal graphite crystal is the dominating growth direction. The intention of this investigation is to examine how the carbon content and solidification rate simultaneously influence the thermal conductivity of grey iron and to establish relationships offering a possibility to model the thermal conductivity of grey iron. The thermal conductivity of four different grey irons, with dissimilar carbon contents, is examined. The materials are cast in three different surroundings producing different rates of heat Abstract: The thermal conductivity or diffusivity of pearlitic grey irons with various carbon contents is investigated by the laser flash method. The materials are cast in controlled thermal environments and produced in three dissimilar cooling rates. The cooling rate together with the carbon content largely influence the thermal conductivity of grey iron. Linear relationships exist between the thermal conductivity and the carbon content, the carbon equivalent and the fraction of former primary solidified austenite transformed into pearlite. The work shows that optimal thermal transport properties are obtained at medium cooling rates. Equations describing the thermal conductivity of pearlite, solidified as pre-eutectic austenite, and the eutectic of grey iron are derived. The thermal conductivity of pearlitic grey iron is modeled at both room temperature and elevated temperature with good accuracy. 
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Experimental methodology
The cast iron base alloy used for the production of the materials was inoculated with a constant level of a standard inoculant based on Sr. Three thermal conditions were applied on each alloy by varying the moulding material: metal-chill, sand and insulation. An electric induction furnace was utilized to melt the charge material. The liquid metal was subsequently tapped into a hand ladle, where the inoculant was added together with the molten metal before casting. Coin-shaped specimens were cast for chemical analysis. First, the alloy having the highest carbon content was cast. The carbon content of the succeeding melts was controlled by additions of steel scrap in order to reduce the total carbon content. The chemical compositions of the four different alloys are given in Table 1 . The carbon equivalent is defined as CE=C wt%+Si wt%/3+P wt%/3. The mould, see Fig. 1 , consisted of three cylindrical cavities connected by a running channel. Each cavity was surrounded by different materials in order to obtain three distinct cooling rates. The entire assembly was enclosed by furan resin bonded sand. A lateral 1-D heat flow was generated by having insulation sheets positioned on the top and base of each cylinder. All cylinders had heights of 80 mm. The solidification times of the cylinders cast in metal-chill, sand and insulation were roughly 40 s, 300 s and 1 100 s respectively. The thermal diffusivity, α, was evaluated by a laser flash device of model Netzsch LFA 427. The thermal conductivity was calculated by means of the following expression: *Daniel Holmgren, Attila Diószegi and Ingvar L. Svensson (Jönköping University, Dept. of Mechanical Engineering/Component Technology, Jönköping, Sweden) August 2007 where λ is thermal conductivity, W/(m K); C p is the specific heat, J/(kg K) and ρ the bulk density, kg/m 3 . The principles of the technique and the experimental procedure have been explained in detail recently [8] . The specific heat was measured for a series of cast irons with a variety in chemical composition, C 2.80-3.62 wt%, Si 1.77-3.41 wt%, Mn 0.54-0.7 wt%, Cu 0.18-0.38 wt%. The weight of the samples was 83-84 mg. These measurements were performed in a Netzsch DSC 404 C Pegasus ® differential scanning calorimeter. The apparatus has an estimated accuracy of 2.5%. An average of the results was used in the calculations of the thermal conductivity of the materials investigated in the study. The general cast iron specific heat curve used in the calculations and the experimentally determined values can be found in Fig. 2 . The density at raised temperatures, ρ T , was calculated by the following formula:
where ∆T is the increase in temperature, ρ RT is the bulk density at room temperature and α is the linear coefficient of thermal expansion. The linear coefficient of thermal expansion was measured by a Netzsch DIL 402 C, dilatometer. The density at room temperature was obtained by weighting the samples, first Table  2 shows the density and the linear coefficient of thermal expansion for the investigated materials.
All measurements in the investigation were conducted from room temperature, around 25 , to approximately 700 . The samples were subsequently colour etched in a reagent based on 10 g picric acid, 10 g NaOH, 40 g KOH and 100 ml distilled water in order to expose the former primary phase, areas of former ledeburite and the eutectic cells. The five largest eutectic cells were measured in each structure. The quantification of the microconstituents was accomplished with Leica Qwin Standard V 2.5 image analysis software. Experimental details concerning the microstructure investigation have been discussed in detail elsewhere [8] .
2 Experimental results Figure 3 shows the thermal conductivity, calculated by equation (1), versus temperature for the samples investigated. It is obvious that significant differences appear in grey iron depending on cooling rate and carbon content although the thermal conductivity
becomes more similar at elevated temperatures. At room temperature, a difference of more than 30 W/(m K) exists between the high carbon samples in Heat 1, cast at medium and low cooling rates, and the most rapidly solidified sample with low carbon content in Heat 4. As depicted in Fig. 3 , the grey irons investigated show less temperature dependency as the influence from the matrix increases when the carbon content decreases, i.e. from Heat 1 to Heat 4. Consequently, the pronounched temperature dependence of high carbon grey irons can be explained by influences from the graphite. In the case of the low carbon grey iron cast in metal-chill, Chill 4, even an increased thermal conductivity until a maximum being reached can be observed. This undercooled cast iron, contains a high fraction of primary solidified dendrites due to a high undercooling and a low carbon level. Thus, the matrix most probably plays a significant role for the propagation of heat in this material. Similar behaviours, i.e. an increased thermal conductivity as the temperature is raised, have been reported for compacted graphite and ductile iron [4, [9] [10] [11] [12] [13] , where the matrix is expected to influence the propagation of heat to a large extent. From this, it is obvious that the matrix and the graphite in cast iron have completely dissimilar temperature behaviors and that the high thermal conductivity of grey iron at room temperature and its obvious decrease at elevated temperatures can be explained by the pronounced and temperature dependent thermal conductivity of graphite. The rapidly cooled samples with low carbon content show a slight depression at about 400 . At present, this cannot be explained.
Figures 4 and 5 illustrate the linear plots of the thermal conductivity at room temperature versus the carbon content and the carbon equivalent respectively. The results shown in the diagrams are as expected, since graphite exhibits a considerably higher thermal conductivity than the matrix. At all carbon levels investigated, the sand cast samples have a slightly higher thermal conductivity compared to the materials cast in insulation. The shape of the graphite lamellae is similar, type A in both cases, and the differences in thermal conductivity between grey irons cast in sand and insulation are not easily explained by dissimilarities between the graphite morphologies of the materials. Figure 6 shows the micrographs of some microstructures which have been colour etched at exactly the same time and temperature. The higher thermal conductivity of the sand cast materials might be a consequence of differences in the segregation pattern of silicon. Due to the reverse segregation of silicon, there is a possibility of higher silicon contents in the last solidified areas if the solidification rate is low. Thus, owing to scattering mechanisms, the thermal conductivity of the matrix bridges connecting the eutectic cells may be efficiently depressed. The principle of the picric acid based colour etching technique is that the silicon in solution in the metallic matrix reacts with the reagents and transforms into a SiO 2 layer appearing as different colours depending on the thickness of the layer which is governed by the local silicon content. For example, an oxide layer appearing as blue, contains more silicon than an oxide layer appearing as brown, while an oxide layer with a grayish or yellow tint interference often appears in the finally solidified melt due to the low silicon level [14] . If not influenced by additional effects in the response to the etching reagent or the optical appearance, the micrographs in Fig. 6 indicate lower silicon content in the cell borders of the sand cast material compared to the insulated materials, which is consistent with the discussion above. An alternative explanation might be a higher fraction of primary austenite, which in general was measured in the samples cast at low cooling rates compared to the materials cast at moderate cooling rates, although this is in contrast to earlier observations in Ref. [8] . Since these explanations are rather speculative, more work is proposed in order to explain the higher thermal conductivity of the materials cast at moderate cooling rates. The mechanical properties of the cast irons treated in the study have been investigated elsewhere [15] . When increasing the cooling rate from low to medium and high, the mechanical properties were improved continuously. Nevertheless, the thermal transport properties are increased when the cooling rates are decreased until a maximum is reached at moderate cooling conditions. Therefore, advantageous combinations of mechanical and thermal transport properties might be possible to obtain by casting in controlled thermal environment or altering the dimensions of the casting. Figure 7 shows the relationship between the thermal conductivity and the eutectic cell size, which increases at higher carbon contents due to a larger fraction of eutectic combined Thermal conductivity at room temperature vs. carbon content August 2007 with equal amounts of nucleation sites for eutectic growth. The increase in thermal conductivity is not necessarily a consequence of a larger cell size. Instead, the elevated thermal conductivity can be attributed to higher fractions of graphite and less former primary austenite. Figure 8 shows the thermal conductivity as a function of the fraction of former primary austenite. As depicted in the diagram, the thermal conductivities of the materials cast at low and moderate cooling rates, containing type A graphite, can be fairly approximated by the same linear relationship, while the materials cast in chill, with undercooled graphite, need to be treated separately. If the curves illustrated in Fig. 8 are extrapolated, the thermal conductivities at room temperature for completely eutectic structures, or alternatively materials consisting entirely of former primary austenite can be approximated. If the procedure is repeated at all investigated temperature steps, the thermal conductivity of a pure grey iron eutectic, or alternatively pearlite solidified as primary dendrites, as a function of temperature can be roughly estimated. The resulting relationships can be found in Fig.9 . Thus, the thermal conductivity of low-alloyed pearlitic grey iron eutectic, at room temperature up to 700 , is given by while the corresponding equation for the undercooled eutectic yields Furthermore, the thermal conductivity of pearlite, originating from the pre-eutectic solidification, of grey irons solidified at low or moderate cooling rates, can be calculated by whereas the equivalent expression for the pearlite in materials cast in chills is Similar to the thermal conductivity of the low carbon grey irons cast in chills, a small drop appears at 400 in the curves describing the thermal conductivity of pearlite in the undercooled materials. The curves show relatively large differences at room temperature, although they become more similar at elevated temperatures. The thermal conductivity of the investigated grey irons was recalculated by means of Voigt's upper bound formula, rule of mixtures, equation (7). The thermal conductivities of the former primary phase and eutectic were predicted by equations (3-6). A high degree of concurrence was established between estimated and measured values. The presented modeling approach offers a
